OBJECTIVES: Emergent and late conversions form OFF-to-ON pump coronary artery bypass grafting (CABG) have been associated with worse outcomes, however, it remains unclear as to which risk factors are associated with conversion and how to prevent them.
INTRODUCTION
Conversions from off-to on-pump CABG (OFF-to-ON) have been associated with worse outcomes in few clinical trials [1, 2] and retrospective series [3] [4] [5] [6] [7] [8] [9] [10] . Namely, conversion are associated with higher early [1] [2] [3] [4] [6] [7] [8] [9] [10] [11] [12] [13] [14] or late [2, 3, 8, 10 ] mortality and increased incidence of myocardial infarction [4, 14, 15] , stroke [3, 6, 7, 16] , need for intra-aortic balloon pump [13, 14, 16] , intensive care unit stay [13, 14, 16] , hospital stay [3, [14] [15] [16] , red cells transfusion [1, 8, 14, 16] , bleeding requiring reoperation [6, 7, 13] , respiratory failure [6, 7, 13] , renal failure requiring dialysis [6, 15] , ventilation time [3, 15, 16] , inotrope use [1, 14] , and hospital readmissions [17] . In meta-analyses, the overall conversion rate was 4.9% [18, 19] , ranging from 0% to 19.4% in published series, while the Society of Thoracic Surgeons national database reports an overall conversion rate as low as 2.2% [20] . It remains unclear however as to which risk factors are associated with conversion and whether these conversions are potentially preventable, since most studies were underpowered to assess these predictors.
The coronary artery bypass grafting (CABG) Off or On Pump Revascularization Study (CORONARY) is a randomized, †Investigators in the CABG Off or On Pump Revascularization Study (CORONARY) are listed in the Supplementary Material. controlled trial of 4752 patients with blinded adjudicated outcome assessments, comparing off-pump CABG with on-pump CABG in patients undergoing isolated CABG surgery [21] [22] [23] . The CORONARY trial showed no significant difference between offpump and on-pump CABG with respect to the primary composite outcome, the rate of repeat coronary revascularization, quality of life, or neurocognitive function at 1 year after CABG [23] . Compared with clinical practice, the CORONARY trial used intend-to-treat to define group cross-over or 'conversions'-some of these group cross-over occurring early during surgery before coronary anastomoses would probably not be considered as conversions in clinical practice. Notwithstanding, the CORONARY trial provides a unique opportunity to assess the impact of cross-over, or 'OFF-to-ON conversion', in patients undergoing isolated CABG off-pump. We therefore sought to assess the outcomes of CABG patients after an OFF-to-ON conversion compared with patients who underwent surgery as planned.
PATIENTS AND METHODS

Trial design
The CORONARY trial protocol details and trial results at 30 days and 1 year have been published previously [21] [22] [23] . The trial was approved by national regulatory authorities and the ethics committee at each participating centre and all patients provided written informed consent. Surgeons participating in the trial were requested to have expertise in the specific type of surgery that the patient was assigned to receive (either on-pump or off-pump CABG) [21] . Trainees were not allowed to be the primary surgeon for any procedure. Expertise was defined as having more than 2 years of experience as an independent surgeon and having completed more than 100 procedures involving the specific technique. Expertise of every surgeon for either on-pump or offpump CABG was documented, including the estimated number and percentage of cases performed off-pump in the last 3 years prior to the study, the estimated number of CABG cases performed in career and number of years of experience as an attending surgeon.
Patients
Patients who were scheduled to undergo CABG were eligible to participate in the trial if they required isolated CABG with median sternotomy and had one or more of the following risk factors: the presence of peripheral arterial disease, cerebrovascular disease, or carotid stenosis of 70% or more; renal insufficiency; an age of 70 years or more, or an age of 55-69 years with one of these risk factors (or two risk factors if less than 60 years): diabetes, urgent revascularization, a left ventricular ejection fraction of 35% or less, or a recent history of smoking. The detailed inclusion and exclusion criteria were previously published [21] [22] [23] .
Trial outcomes
The primary outcome was a composite of death, nonfatal stroke, nonfatal myocardial infarction, and new renal failure requiring dialysis at 30 days and these outcomes plus repeat coronary revascularization at a mean of 5 years after randomization.
A detailed conversion report including the justification/cause of the conversion and timing of the conversion was required whenever a patient did not receive the assigned treatment. For this report, conversions were defined as emergent for hypotension or ischaemia problems and elective for all other reasons (intra-muscular vessels, small targets, etc).
Statistical analysis
Data are expressed as mean ± standard deviation or median and interquartile range for continuous variables, and as frequencies (percentages) for categorical variables. Characteristics of OFF-to-ON converted patients were compared with patients in their originally assigned treatment group (i.e. off-pump CABG) and patients in their conversion group (i.e. on-pump CABG; see online tables). Identity link normal distribution linear models were used to assess log transformed length of stay, chest tube drainage and amount of blood transfused since the distribution of these variables was rightskewed. Risk factors for OFF-to-ON conversion were assessed using logit-link generalized estimating equations accounting for clustering among hospitals. Univariable and multivariable regression models were constructed. All preoperative and intraoperative variables (except cardiopulmonary bypass data) recorded in the trial were considered in the univariable analysis in addition with variables related to surgeon expertise with off-pump CABG. Variables associated with P-values < 0.2 in univariable analyses were considered in multivariable models if the number of events was sufficient. Both baseline heart rate and use of beta-blocker were entered in the multivariable model predicting the occurrence of a conversion. These variables were not correlated or co-linear and the removal of one or the other variable had no impact on the estimate of the other covariates. For 30-day mortality and hospital morbidity, logit-link generalized estimating equations were used accounting for clustering among hospitals. Similarly, identitylink normal-distribution generalized estimating equations were used for number of grafts performed, duration of surgery, and logtransformed length of stay. After verification of proportionality assumptions, survival was compared using stratified proportional hazards models to account for clustering among hospitals. We assumed that observations were conditionally independent within hospital. Survival curves were obtained using Kaplan-Meier methods; however, group comparisons were performed using stratified proportional hazards models. P-values < 0.05 were considered statistically significant. All statistical analyses were performed using SAS release 9.3 (SAS Institute Inc., Cary, NC, USA).
RESULTS
Patients
From November 2006 through October 2011, a total of 4752 patients were enrolled from 79 hospitals in 19 countries. Randomized patients who did not undergo surgery (n = 34; 0.7%) were excluded from this analysis. Of the remaining 4718 patients, OFF-to-ON conversion incidence was 7.9% (186/2356), including 3.2% (75/2356) emergent OFF-to-ON conversion for hypotension or ischaemia and 4.7% (111/2356) elective OFF-to-ON conversion. Among hospital centres with more than 25 randomized patients, the incidence of OFF-to-ON conversion varied from 0 to 60% (Fig. 1 ). Timing and reasons for OFF-to-ON conversions are reported in Fig. 2 . Majority of conversions occurred prior to surgery, at the induction of anaesthesia or before any cardiac manipulation (66.1%; 123/186); should we had considered only OFF-to-ON conversions occurring during coronary anastomoses, the OFF-to-ON conversion incidence would have been even lower at 2.7% (63/2356). Patient characteristics of OFF-to-ON converted patients are reported in Table 1 .
Among OFF-to-ON crossover patients, 167/186 (90%) underwent on pump CABG with cardioplegia and 19/186 (10%) hybrid on pump CABG with beating heart. Patients requiring OFF-to-ON conversion necessitated longer surgery, ventilation and intensive care unit time, greater need for intra-aortic balloon pump and blood transfusions, more postoperative atrial fibrillation, confusion or increase in serum creatinine, and presented a higher incidence at 1 year of the composite outcome, death and nonfatal myocardial infarction (Tables 2 and 3 ; Fig. 3 ). Elective (non-emergent) OFF-to-ON conversions (111/186; 60%) were not associated with worse composite outcome (hazard ratio, HR 1.42 [0.56-3.57]; P = 0.46; Fig. 4) . Timing of conversion, either early (123/186; 66%) or late (63/186; 34%) conversion after the first distal anastomosis, has no significant impact on the outcomes (Fig. 4 ). Percentage of emergent OFF-to-ON conversion for hypotension or ischaemia (red) and elective OFF-to-ON conversion (green) by hospital ranked by their conversion rate in the trial. Hospitals that randomized less than 25 patients were excluded since the estimation of the conversion rate was imprecise. With a median (interquartile range) of 62 (37-96) randomized patients per hospital, the trial conversion rates seen in these hospitals might not be a good approximation of their actual conversion rate.
Predictors of OFF-to-ON conversions
Independent predictors of OFF-to-ON conversion are shown in Table 4 , including risk factors for emergent conversion. Higher baseline heart rate or chronic atrial fibrillation, non-use of beta blockers preoperatively, urgent surgery, higher number of distal anastomoses planned and percentage of isolated CABG performed off-pump versus on-pump in the last 3 years for the operating surgeon were predictors of overall and emergent OFFto-ON conversions. The 'estimated number of isolated CABG performed over the career of the operating surgeon' had a similar effect as the 'estimated percentage of cases performed off-pump', but the relationship was weaker. The 'total number of CABG cases performed over the career of the surgeon (on or off-pump)' or the 'number of years of experience as an attending surgeon' had no impact on the incidence of conversion. The % of patient in 
Impact of conversions on the outcomes of offpump versus on-pump coronary artery bypass grafting surgery
Since conversion had a greater impact on the outcomes of off-pump patients compared with on-pump patients, we sought to explore what would have been the trial results should all conversion could have been avoided (per protocol analysis). After exclusion of converted patients, patient characteristics between off-pump and onpump patient remained no different except that slightly more patient presented a calcification of the ascending aorta and fewer patients presented a triple vessel disease in the off-pump group (Online Table  1 ). Fewer distal anastomoses were completed compared to those planned in the off-pump group with a shorter operative time with a less complete revascularization and fewer grafts anastomosed on the ascending aorta (Online Table 2 ). The primary composite outcome at 1 year occurred in 251/2170 patients (11.6%) randomized in the offpump group versus 287/2207 patients (13.0%) in the on-pump group (HR: 0.84 [0.71-1.00]; P = 0.047), and nonfatal myocardial infarction at 1 year occurred in 140/2170 patients (6.5%) randomized in the offpump group versus 168/2207 patients (7.6%) in the on-pump group (HR: 0.79 [0.63-1.00]; P = 0.046) (Online Table 3 ). Patients in the offpump group experienced fewer blood transfusions, reoperation for bleeding, respiratory infection or failure with shorter ventilation time and length of stay in the intensive care unit.
DISCUSSION
In this large trial comparing off-pump CABG with on-pump CABG, the incidence of emergent OFF-to-ON pump conversion, P-values obtained from Cox models stratified for the hospital centre for the primary end-points, and from generalized estimating equations taking into account the hospital centre for the other outcomes. Figure 3 : Unadjusted Kaplan-Meier survival curves for the composite outcome for per protocol on-pump or off-pump patients and patients in the off-pump group who required a conversion to off pump CABG (OFF-to-ON conversion). The red lines represent patients assigned to off-pump CABG and the blue lines patients assigned to off-pump CABG. The continuous lines represent non-converted patients and the dashed lines the converted patients.
i.e. due to hypotension or ischaemia, was low (3.2%) but associated with worse outcomes. Elective OFF-to-ON conversions had no impact of postoperative outcomes. Interestingly, the timing of conversion, whether it was before the distal anastomosis or during the confection of the distal anastomosis has no impact on outcome as long as the conversion was not done emergently due to hypotension or ischaemia. Outcomes of patients undergoing an emergent OFF-to-ON conversion for hypotension or ischaemia are inferior with an increased risk of myocardial infarction and a more complicated postoperative course in the intensive care unit, whereas patients converted electively usually do not bear consequences from the conversion [18, 24] . Importantly, the risk of emergent conversion decrease with increased surgical experience with off-pump surgery [2, 5] . Despite the fact that the CORONARY trial selected surgeons with substantial prior experience with off-pump CABG, fewer conversions were seen in surgeons dedicated to off-pump CABG in most of their patients. Conversions in the setting of a dedicated off-pump surgical team may also have a lower impact on short or long-term outcomes [25] .
Skilled surgeons and their teams have developed several technical tips and tricks to avoid hypotension and prolonged ischaemia during off-pump CABG, effectively lowering the risks of emergent and elective conversion, such as proper sequence of distal anastomoses, epicardial pacing, use of intracoronary shunts, ischaemia preconditioning, judicious use of inotropic agents and positional devices [3] . The decision to convert electively in order to prevent an emergent conversion depends on these skills and experience in recognizing early the relative impact of risk factors associated with an emergent conversion. These elective conversions should probably be considered as a 'wise decision' adapted to the patient profile and the surgeon skills, instead of a personal failure to perform the surgery as planned (I. Prieto, personal communication).
Several risk factors for OFF-to-ON conversion have been identified in the literature [24] including poor coronary targets [26, 27] , lower left ventricular ejection fraction [16, 27] , congestive Figure 4 : Impact of OFF-to-ON conversion of 1 year outcomes for all conversions, elective versus emergent, and early versus late. 'P-value' assess whether each hazard ratio is different from 1 (no difference) and 'subgroup difference P-value' compare whether the hazard ratio for each subgroup are different.
cardiac failure [4, 27] , surgeon's experience [2, 4, 5, 16] , non-use of a positioning device [7, 13] , prior CABG [4, 6] , prior myocardial infarction [6, 27] , diabetes [6, 26] , chronic obstructive pulmonary disease [13, 15] , preoperative atrial fibrillation [10] , urgent surgery [6] , mitral regurgitation [13] , left ventricular hypertrophy [6] , higher Canadian Cardiovascular Society angina class [6] , left main stenosis [16] , smaller [6] or larger [1] body surface area. We identified nonuse of beta blocker or dermal/oral nitroglycerin preoperatively and increased number of CABG planned as risk factors for conversion. Some of these risk factors are not modifiable and could be triggers to favour an on-pump grafting strategy preoperatively and avoid an emergent conversion. For example, a patient in chronic atrial fibrillation with several coronary target of poor quality requiring an urgent surgery may be better served with on-pump CABG. Other risk factors are potentially modifiable and could decrease the risk of a conversion, including a lower baseline heart rate with preoperative treatment with beta-blockers and optimal medical treatment of unstable angina with dermal or oral nitroglycerin. A lower heart rate will facilitate the performance of the delicate distal anastomoses in an off-pump setting as long as the rate is not too low to decrease cardiac output. Nitroglycerin will vasodilate the coronary beds and may provide a better margin of safety during off-pump CABG surgery.
Our observations are in line with the 2014 European Society of Cardiology/European Association for Cardio-Thoracic Surgery Guidelines on Myocardial Revascularization recognizing that 'complete off-pump procedures in the hands of highly trained teams [for patients with a low risk of conversion] appear to be associated with a reduced risk of early morbidity, such as stroke, wound and respiratory infections, as well as fewer transfusions and shorter hospital stay [28] . ' 
Limitations
This study has limitations due to its retrospective design even if the data was prospectively collected as part of a large randomized trial. The sample size of patients in the OFF-to-ON conversion group remains low and may limit the statistical power of this sub-study. 'Baseline heart rate' was recorded at the time of patient randomization and may not be a perfect estimator of the patient heart rate at the time of surgery while the patient is under general anaesthesia. Off-pump CABG is a team effort and variables such as anaesthesiologist and other team members experience with off-pump CABG were not available for analysis. In the context of a randomized trial, per protocol analyses provide an imperfect view of the results as the benefit of the randomization is partly lost since the remaining patients characteristics may differ between groups. Therefore, per protocol analyses should be seen as exploratory to better understand the mechanistic of a trial rather than drawing overboard conclusions.
CONCLUSION
Emergent OFF-to-ON conversion is associated with worse outcome compared with elective OFF-ON conversion or no conversion. In the presence of risk factors for emergent conversion, an early and elective conversion approach is a judicious strategy.
SUPPLEMENTARY MATERIAL
Supplementary material is available at EJCTS online. Generalized estimating equations including a random effect for the hospital centre to take into account the regional variations in outcomes. b Per 10 year difference in age.
c P-values in brackets are for subcategories of the number of distal anastomoses planned and estimated percentage of isolated CABG.
